A clear transition of galaxy quenching is identified in the multi-parameter space of stellar mass (M * ), bulge to total mass ratio (B/T m ), halo mass (M h ) and halo-centric distance (r/r 180 ). For a given halo mass, the characteristic stellar mass (M * ,c ) for the transition is about one-fifth of the stellar mass of the corresponding central galaxy, and almost independent of B/T m . Once B/T m is fixed, the quenched fraction of galaxies with M * < M * ,c increases with M h , but decreases with M * in the inner part of halos (r/r 180 < 0.5). In the outer part (r/r 180 > 0.5), the trend with M h remains but the correlation with M * is absent or becomes positive. For galaxies above M * ,c and with B/T m fixed, the quenched fraction increases with M * , but depends only weakly on M h in both the inner and outer regions. In general the quenched fraction increases with B/T m when other parameters are fixed. We discuss the implications of the characteristic stellar mass for internal and environmental quenching processes. Our results suggest that environmental quenching is important only for galaxies with M * < M * ,c , while internal quenching plays the dominating role for high-mass galaxies. The efficiencies of internal and environmental quenching both depend on B/T m .
INTRODUCTION
In the local Universe, galaxies can be divided into two populations according to their star formation activity or rest-frame color (e.g. Strateva et al. 2001; Brinchmann et al. 2004; Wetzel et al. 2012) . One population lies in the star forming main sequence, where galaxies in general have blue color and disk-like morphology, and the other is the passive or quenched population, in which galaxies have red color, spheroid-like morphology, and little on-going star formation. The quenched population is observed to be present at redshift as high as z = 1 (e.g. Bell et al. 2004; Ilbert et al. 2013; Tomczak et al. 2014) , and continuously grows with time, indicating that the quenching process drives the evolution of the galaxy population over most of the Hubble time.
Many mechanisms have been proposed for the quenching of star formation. In broad terms, the quenching processes are divided into two categories. The first is internal, such as supernova feedback (e.g. White & Rees 1978; Murray et al. 2011 ) and active galactic nuclei (AGN) feedback (e.g. Croton et al. 2006; Heckman & Best 2014) , which may dispel inter-stellar media (ISM) or prevent gas from cooling so as to reduce the cold gas reservoir for star formation, and morphological quenching (e.g. Martig et al. 2009 ), in which cold gas disk is made stable by a massive bulge. The strengths of these mechanisms are expected to depend on galaxy stellar mass (or bulge mass) and structural properties, so that the fraction of the quenched galaxies (quenched fraction) is expected to be correlated with the stellar mass, bulge mass, and the bulge to total ratio (hereafter B/T ) of galaxies. This may be why massive, bulge-dominated early type galaxies are usually observed to have low ongoing star formation activities. But the explanation of these correlations is not yet conclusive (Lilly & Carollo 2016) .
The second category is environmental processes. These include ram pressure stripping (e.g. Gunn & Gott 1972; Abadi et al. 1999 ) and tidal stripping (e.g. Toomre & Toomre 1972; Read et al. 2006) , which remove the ISM from galaxies, and strangulation (e.g. Larson et al. 1980; Balogh et al. 2000) , a process that cuts off the replenishment of star forming gas. Interaction and merger of a galaxy with other galaxies, which can consume or dispel cold gas by triggering star formation and/or AGN activity (e.g. Moore et al. 1996; Di Matteo et al. 2005) , are two other processes in this category. These environmental processes are expected to produce a quenched fraction that depends on environment, such as the mass of the halo that hosts the galaxy, and the distance of a galaxy from the center of its host halo (halo-centric distance). Moreover, since lower-mass galaxies generally have shallower local gravitational potential wells and are more prone to environmental effects, the trend of the quenching with galaxy stellar mass produced by environmental processes is expected to be the opposite to that produced by internal processes.
With the advent of large photometric and spectroscopic surveys of galaxies, the star formation properties of galaxies, and their correlations with both internal properties and environment, have been investigated extensively (e.g. Baldry et al. 2006; Weinmann et al. 2006; van den Bosch et al. 2008; Peng et al. 2010; Wetzel et al. 2012; Woo et al. 2013; Bluck et al. 2014; Teimoorinia et al. 2016; Liu et al. 2019) . For example, the investigations of Peng et al. (2010) and Liu et al. (2019) suggest that the quenching of massive galaxies may be dominated by internal processes, while environmental processes play a more important role in less massive galaxies. When considering the roles of dark matter halos on galaxy quenching, it is generally believed that the quenching of central galaxies in halos are dominated by internal processes, while halo-specific environment plays important roles only for satellite galaxies (e.g. van den Bosch et al. 2008 ). However, this simple central-satellite dichotomy has been found to be insufficient to account for quenching in the observed galaxy population. Indeed, several studies have found that satellites and centrals are quite similar in their star formation activity, AGN prevalence, morphology and sizes when stellar mass and environment are properly controlled (e.g. Hirschmann et al. 2014; Knobel et al. 2015; Bluck et al. 2016; Wang et al. 2018b Wang et al. ,a, 2020 , although there have also been investigations that found the opposite (e.g. Davies et al. 2019) . Wang et al. (2018b Wang et al. ( ,a, 2020 further found that galaxies above and below one-fifth of the central galaxy stellar mass exhibit different dependence of the quenched fraction, B/T and size on the halo-centric distance. Based on the relation between central mass and halo mass relation proposed in Yang et al. (2009 proposed a characteristic stellar mass,
where log 10 (M 0 /M ⊙ ) = 10.31, log 10 (M 1 /M ⊙ ) = 11.04, α = 0.31, and β = 4.54. This implies that galaxies above and below this demarcation mass may be affected by the halo environment differently. Despite of all the progress, there are still large uncertainties as to which processes are physically responsible for the quenching of galaxies. One of the most important reasons is that the observed correlations are usually the results of several processes, which cannot be easily disentangled. In this paper, we perform a detailed analysis about the significance of the characteristic stellar mass that can potentially separate envirronmental and internal effects. We consider the galaxy population as a whole, rather than investigating centrals and satellites separately. In particular, we include galaxy morphology as an important parameter in our analysis.
The paper is organized as follows. Section 2 presents galaxy and group catalogs we use, as well as physical quantities we derive from them. In Section 3, we investigate how the quenched population is correlated with various parameters that quantify internal and external effects, focusing on the presence of characteristic stellar mass scales in the quenching population. Finally, we summarize our results in Section 4.
2. OBSERVATIONAL DATA Our galaxy sample is taken from the New York University Value Added Galaxy Catalog (NYU-VAGC; Blanton et al. 2005) , which is based on the Sloan Digital Sky Survey (SDSS) DR7 (Abazajian et al. 2009 ). Following the construction of the group catalog, we select galaxies in the redshift range z = 0.01-0.2, with spectroscopic completeness (C) larger than 0.7 and with the r-band magnitude limit of 17.72 mag. Among these galaxies, a total of 32,348 galaxies (about 6%) that do not have estimates of star formation rate or bulge-to-total ratio (B/T ) are discarded. Our final sample contains 511,728 galaxies.
Stellar masses of individual galaxies, M * (in unit of h −2 M ⊙ ), are obtained by using the relation between the (g−r) color and the stellar mass-to-light ratio as given by Bell et al. (2003) assuming a Kroupa & Weidner (2003) initial mass function (IMF). Star formation rates (SFRs) of the galaxies are adopted from the MPA-JHU catalog 5 . They are estimated from the SDSS spectra using an updated version of the method presented in Brinchmann et al. (2004) and a Kroupa IMF. We separate galaxies into a star-forming population and a quenched population using the demarcation line proposed by Bluck et al. (2016) .
We use the bulge to total mass ratio (B/T m ) of a galaxy as an indicator of its morphological type. Extending the work of Simard et al. (2011 obtained the bulge+disk decomposition for SDSS images in the u, g, r, i, and z bands. They then estimated the bulge and disk stellar masses by modeling the corresponding broadband spectral energy distribution. We adopt the ratios between the bulge mass and the bulge+disk mass given in Mendel et al. (2014) as the B/T m for our sample galaxies. We have also tested our results with r-band bulge to total light ratio from Simard et al. (2011) , which does not change our conclusions.
The group catalog used here is constructed by using the halo-based group finder of Yang et al. (2007) . The host halo mass (M h ) of each group is estimated using a abundance matching method based on the total stellar mass of all member galaxies brighter than M r = −19.5 + 5 log h in the r-band. The most massive galaxy in a group is defined as the central galaxy of the group while all the rest (if any) as satellite galaxies. For each member galaxy in a group, we define a halo-centric distance, r/r 180 , where r is the projected distance between the galaxy and the luminosity-weighted center of the group. The halo virial radius, r 180 , is estimated using equation (5) in Yang et al. (2007) .
The statistical quantity investigated here is the quenched fraction, which is defined as the fraction of galaxies that are quenched according to the criterion described above. For a given sub-sample of N galaxies, the quenched fraction, f Q , is calculated as:
where q i is the quenching property for the ith galaxy and ω i is a weight assigned to the galaxy. If a galaxy is quenched, q i = 1, otherwise q i = 0. The weight is defined as ω = 1/(V max C). Here V max , calculated using the Kcorrection utilities, v4 2, of Blanton & Roweis (2007) , is used to correct for the Malmquist bias, and C is the redshift incompleteness obtained from the NYU-VAGC. a grid. The value of f Q at each grid point is calculated using galaxies within a pixel with size given by
If the number of galaxies in the pixel is less than 10, the pixel and the corresponding grid point is ignored.
As one can see, f Q increases almost monotonously with both M * and M h , consistent with results obtained previously (Weinmann et al. 2006; Wetzel et al. 2012; Wang et al. 2018b ). Strong dependence on M * can be seen at any given halo mass, but the dependence on the environment (halo mass) is different for galaxies of different M * . For massive galaxies with log(M * / h −2 M ⊙ ) > 11.0, the dependence of f Q on M h is weak, as indicated by the almost vertical contours. In contrast, for galaxies of lower masses, a large gradient is seen in the vertical direction, suggesting strong M h dependence. A similar trend can be observed in the dependence of f Q on M * and r/r 180 , shown in the right panel of Figure 1 . The value of f Q increases with M * at any given r/r 180 , while the dependence on r/r 180 is different for galaxies of different M * . For log(M * / h −2 M ⊙ ) > 10, the dependence on r/r 180 is weak; for lower masses, the trend with r/r 180 is clear, particularly for r/r 180 < 0.5. Such dependence on r/r 180 is consistent with results obtained previously (e.g. Wetzel et al. 2012; Woo et al. 2013) .
It is known that, at a given stellar mass, the star formation activity of a galaxy may depend on its internal structure, such as the dominance of the bulge (morphology type). Moreover, the efficiencies of some environmental mechanisms are expected to depend on galaxy structure as well. At a given mass, a more extended galaxy has a shallower gravitational potential well, making it more prone to external effects. Motivated by these, we introduce B/T m as another parameter. Figure 2 shows f Q as a function of M * for galaxies with different B/T m . Since the environmental effect appears to be much stronger in the inner region, we show the results separately for r/r 180 < 0.5 (left panel) and r/r 180 > 0.5 (right panel).
As one can see, at any given stellar mass, f Q increases with B/T m in both the inner and outer regions of halos. For galaxies with r/r 180 < 0.5, there is a clear transition in the M * -dependence of f Q : the quenched fraction first decreases with M * at log(M * / h −2 M ⊙ ) < 10.3, and then increases with M * at larger masses. This behavior is observed in all B/T m bins. In the outer region, however, f Q depends only weakly on M * at B/T m < 0.5, but increases strongly with M * at B/T m > 0.5. The transitional feature, seen in the inner region, is noticeable but much weaker for B/T m < 0.5 and is completely absent for B/T m > 0.5, in the outer region. This difference between the inner and outer regions suggests that the transitional feature may be produced by the dense environment in the inner region, rather than by internal processes that are independent of environment.
Such transition is, however, absent in the total sample, as shown in the left panel of Figure 1 . This owes to the fact that galaxies of lower masses have, on average, smaller B/T m . Thus, for the whole sample, the results for low-mass and high-mass populations are dominated, respectively, by galaxies with small and high B/T m . The transitional feature seen for galaxies at fixed B/T m may then be erased by the correlation between B/T m and M * . This suggests that galaxy morphology not only affects internal quenching, but also plays an important role in understanding environmental quenching.
Next we explore how the transitional behavior depends on host halo. Figure 3 shows f Q as a function of M h and M * for different B/T m in both inner (r/r 180 ≤ 0.5) and outer (r/r 180 > 0.5) regions. Due to the limited number of galaxies, here we adopt a smoothing with larger pixels: ∆ log(M h / h −1 M ⊙ ) = 0.6 and ∆ log(M * / h −2 M ⊙ ) = 0.6. A valley like structure in the f Q field across the M h -M * plane can clearly be seen for galaxies in the inner region and for almost all samples of B/T m . To the left of the valley, the value of f Q exhibits a negative correlation with M * but a positive correlation with M h . To the right of the valley, in contrast, f Q shows a strong, positive correlation with M * but weak or no dependence on M h . The transitional feature seen in Figure 2 can also be seen here. However, the stellar mass at the transition appears to depend on M h , as we will quantify in the following.
These results strongly suggest the existence of a characteristic stellar mass in quenching that is related to halo mass. We plot in the upper panels of Figure 3 the demarcation line (Equation 1) in the relations of galaxy size with r/r 180 proposed by Wang et al. (2020) . Remarkably, the curve lies close to the bottom of the valleylike structure. To check this quantitatively, we measure M * ,c (M h ) directly from our data. The results in Figure 2 suggest that f Q as a function of M * can be approximated by a broken power law, so we use the following function to model the relation:
where a, b, d and M * ,c are free parameters to be determined. The least square method is adopted to perform the fitting and the best-fitting M * ,c is shown in Figure  3 . The error bars are estimated by using 1000 bootstrap samples. Our tests with other smoothing sizes, such as ∆ log(M * / h −2 M ⊙ ) = 0.4 and 0.5, suggest that the results are insensitive to the exact choice. In general, the best-fitting M * ,c can characterize the trend of the valley-like structure, suggesting that the measurement is reliable. As one can see, the measured M * ,c -M h relation matches Equation (1) very well, except in a small number of bins. This suggests that Equation (1) is a good approximation of M * ,c in the (M h , M * , B/T m , r/r 180 ) space. The fitting results also suggest that the M * ,c -M h relation is similar for different B/T m . This is consistent with the results shown in Figure 2 , where the averaged values of M * ,c over different M h are all close to 10 10.3 h −2 M ⊙ for different B/T m . However, it is clear that M * ,c increases with M h . For Milky-Way size halos, M * ,c ∼ 10 9.7 h −2 M ⊙ , while for rich clusters, M * ,c ∼ 10 10.7 h −2 M ⊙ .
For comparison, we also show Equation (1) in the lower panels of Figure 3 . Although a valley-like structure is not obvious here, galaxies to the left and right of the curve do exhibit different behavior. For example, to the left of the curve, the correlation with M * is weak at small B/T m and positive at large B/T m . To the right of the curve, on the other hand, f Q increases with M * much more quickly. More importantly, the M h dependence is strong on the left side of the curve, but is weak or absent in the right. It suggests that the demarcation line can also be used to separate the environmental and internal effects for galaxies in the outer region. To further examine how M * ,c potentially separates quenching effects, we show, in Figure 4 , f Q as a function of r/r 180 and M * for galaxies of different B/T m , using ∆(r/r 180 ) = 0.2 and ∆ log(M * / h −2 M ⊙ ) = 0.6. The upper and lower panels show galaxies below and above M * ,c (Equation 1 ), respectively. As one can see, even at the same stellar mass, galaxies above and below M * ,c show very different dependence on r/r 180 . It implies that the dependence on M h and r/r 180 of galaxy structural and quenching properties may be produced by the same environmental mechanism (see Wang et al. 2020, for detailed discussion) .
Finally, we notice that there is a kink-like structure in the contours of f Q at the high stellar mass edge for galaxies in the inner region (upper panels of Figure 3 ). From the lower panels of Figure 4 one sees that this structure is produced by galaxies close to halo centers. Their high stellar mass for their halo mass and their small halocentric distance suggest that these galaxies are dominated by centrals. Unfortunately, it is unclear if this is a real feature indicating a difference between centrals and satellites, or a false signal produced by the halo mass assignment technique based on the total stellar mass which is usually dominated by the most massive galaxies.
SUMMARY AND DISCUSSION
In this paper, we have investigated how galaxy quenching in star formation depends on internal properties of galaxies, as represented by their stellar mass and B/T m , and environment, as represented by the mass of their host halos and their distances to the halo centers. Our main results can be summarized as follows.
• The quenched fraction, f Q , depends on both internal properties and the environment of galaxies. Galaxies of higher mass and higher B/T m have a larger f Q ; galaxies residing in more massive halos and in the inner parts of halos are also more likely to be quenched.
• For a given B/T m and a given host halo mass, there is a characteristic stellar mass, M * ,c , where f Q is the lowest. The characteristic mass is about onefifth of that of the central galaxy of the halo, almost independent of B/T m . The presence of the characteristic mass is more prominent in the inner region of halos.
• Galaxies with masses below and above M * ,c have different quenching properties. At M * < M * ,c , f Q for galaxies of a given B/T m decreases with M * and r/r 180 but increases with M h . And the dependence of f Q on the two environmental parameters is stronger for high B/T m galaxies than low B/T m ones. At M * ≥ M * ,c , however, f Q increases with M * but is almost independent of M h and r/r 180 .
The trend with M h is similar in both the inner and outer regions, but the decrease of f Q with M * is absent in the outer region.
These results have important implication for the understanding of quenching of galaxies. Let us first look at galaxies with M * > M * ,c . For these galaxies f Q depends only weakly on M h and r/r 180 , indicating that their quenching of star formation is dominated by internal processes. The strong increase of f Q with both M * and B/T m (Figure 2 and 3) at the massive end provide support to such interpretation. It suggests that the existence of a significant bulge is essential for galaxy quenching (e.g. Bluck et al. 2014) . A number of quenching mechanisms linked to galaxy bulges have been proposed. The morphological quenching, as proposed in Martig et al. (2009) , is expected to predict a strong dependence of f Q on B/T m , consistent with what we find. However, it is unclear if the model can predict the strong M * -dependence at fixed B/T m seen in the data. Various types of AGN feedback models assume that the quenching of massive galaxies is made by the energy generated by the super-massive black holes whose mass is proportional to the bulge mass. These models, therefore, predict a strong positive correlation between f Q and the bulge mass, as expected from the data. Even for lowmass galaxies where AGN feedback may not be important, star formation associated with the formation of the bulge may also suppress subsequent gas accretion and star formation in the disk (e.g. Mo & Mao 2004) . Clearly, our results can be used to constrain these models once their predictions are quantified.
For galaxies with M * < M * ,c , there is strong dependence of f Q on both M h and r/r 180 even with both M * and B/T m controlled. This clearly indicates that quenching of these galaxies is affected by environment. Theoretically, many environmental processes, such as ram pressure and tidal stripping, predict a higher efficiency for galaxies of lower mass, because of their shallower gravitational potential wells. The decrease of f Q with M * at the low-mass end thus provides a strong evidence for such environmental quenching. Since some environmental mechanisms are expected to be stronger in halos of higher mass and in the inner regions of halos, the strong increase of f Q with M h and its decrease with r/r 180 lend further support to our interpretation. The interpretation is not unique though, as the final environmental effect depends not only on the strength of quenching mechanisms, but also on how long these mechanisms operate. For example, Shi et al. (2020) found that satellites accreted earlier by their host halos are more frequently quenched than the counterparts accreted later. Thus, if the accretion time for a satellite depends on M h , M * and r/r 180 , the observed correlations can be produced even if the strength of the mechanisms is independent of the three parameters. Obviously, more investigations are needed to disentangle the dependencies on accretion time and quenching strength.
As one can see from Figure 3 and 4, for M * < M * ,c , the dependence on M h and r/r 180 is much stronger for high B/T m galaxies than low B/T m galaxies. One possibility is that feedback processes is stronger in higher B/T m galaxies, which makes the ISM gas more fluffy and easier to strip, as shown in hydrodynamic simulations (Bahé & McCarthy 2015) , so that the environmental dependence is stronger for galaxies with higher B/T m . Another possibility is that galaxies with lower B/T m are accreted into their hosts more recently, so that the environmental impact is smaller. Indeed, galaxies at higher redshift are expected to be more compact (Mo et al. 1999; van der Wel et al. 2014 ) and more likely to become a galaxies with higher B/T m at z = 0. In both possibilities, environmental effects may not change the structure of a galaxy, but its star formation rate. Thus, unless B/T m is created with strong dependence on M h and r/r 180 , the weak dependence of galaxy morphology on M h and r/r 180 (Liu et al. 2019 ) suggests that galaxy morphology may indeed have formed without strong dependence on environment. Our results strongly suggest that galaxy morphology, as represented by B/T m , is an important factor in affecting the efficiency of both internal and environmental quenching processes.
